Objective: To investigate haematological and biochemical iron indices in relation to malaria, gravida, and dietary iron status in rural pregnant Malawian women. Design: In this self-selected sample, haemoglobin, haematocrit, red cell indices, serum ferritin, serum iron, serum transferrin, and serum transferrin receptor (TfR) were measured. Infection was assessed by a malaria slide, serum C-reactive protein, and white blood cell count. Dietary iron variables were measured by three 24-h interactive recalls. Setting and subjects: 152 rural pregnant women recruited at 24 weeks gestation while attending a rural antenatal clinic in Southern Malawi; 36% were primagravid; 43% were gravida 2 ± 4; 26% were gravida b 5. Results: Of the women, 69% (n 105) were anaemic (haemoglobin`110 gal); 37% (n 39) had anaemia and malarial parasitaemia on the test day; 17% (n 26) with malaria were also classi®ed with iron de®ciency (ID) anaemia (based on serum ferritin 50 mgal and Hb`110 gal) while an additional seven with malaria were classi®ed with ID without anaemia. In malarial-free subjects, 32% were classi®ed with IDA (serum ferritiǹ 12 mgal and Hb`110 gal) and 17% with ID (serum ferritin`12 mgal; Hb ! 110 gal). Serum TfR concentrations were elevated in anaemic women (P`0.01). In non-malarial parasitaemic subjects, serum TfR correlated negatively with haemoglobin (r 7 0.313; P`0.001) but not serum ferritin. Of the women, 49% were at risk for inadequate iron intakes. Most dietary iron was non-haem; plant foods provided 89%;¯esh foods (mainly ®sh) only 9%. Malarial parasitaemia and intakes of available iron impacted signi®cantly on iron status. Conclusion: Anaemia prevalence from all causes was high (that is, 69%); three factors were implicated: malaria, and de®ciencies of iron and possibly folate, induced partly by an inadequate dietary supply andaor secondary to malarial parasitaemia.
Introduction
The prevalence of anaemia is high among rural pregnant women in less industrialised countries and is often attributed to iron de®ciency. Aetiological factors that have been implicated include the consumption of plant-based diets containing insuf®cient iron, especially insuf®cient available haem iron from¯esh foods. In addition, excessive blood loss due to helminth infections (for example hookworm), intravascular haemolysis associated with plasmodial infections, low tissue iron stores concomitant with increased requirements during pregnancy, or a combination of these dietary and non-dietary factors, may be signi®cant (Cook et al, 1994) .
Detrimental effects on pregnancy outcome have been associated with iron de®ciency anaemia during pregnancy, notably increased risk of premature delivery and low birthweight (Scholl et al, 1992; Scholl & Hediger, 1994) , as well as maternal and fetal morbidity and mortality. These adverse outcomes have not been consistently reported in pregnant women with anaemia due to other causes, emphasising the importance of distinguishing between anaemia due to iron de®ciency and other causes. Diagnosis of iron de®ciency anaemia is especially dif®cult during the second trimester of pregnancy because of the disproportionate increase in plasma volume in relation to red cell mass and the resultant impact of haemodilution on biochemical indicators of iron status.
Diagnosis of iron de®ciency and iron de®ciency anaemia during pregnancy is best achieved using a combination of biochemical iron indices that represent the ®rst or second stage of iron de®ciency ± depletion or exhaustion of storage iron ± and the third or ®nal stage, characterised by a low haemoglobin and frank microcytic, hypochromic anaemia. Of the biochemical iron indices most commonly used, serum ferritin is the only one which can detect depleted and subsequently exhausted iron stores, as indicated by progressively lower serum ferritin concentrations. The latter, in the absence of infection, but accompanied by a low haemoglobin concentration, is often used to diagnose iron de®ciency anaemia. However, in less industrialised countries, the interpretation of serum ferritin data is often confounded by the coexistence of infection with iron de®ciency and iron de®ciency anaemia. Notwithstanding depleted iron stores, serum ferritin concentrations are elevated, re¯ecting the increased rate of ferritin synthesis in the reticulo-endothelial system and its response as an acute phase reactant protein (Konijn & Hershko, 1977; Kushner, 1993) . These effects make it dif®cult to detect iron de®ciency and to distinguish the anaemia of chronic disease from iron de®ciency anaemia: the use of serum ferritin may severely underestimate the prevalence of iron de®ciency in the presence of infectionain¯ammation. In such circumstances, measurements of serum transferrin receptor are especially valuable during pregnancy. Concentrations are elevated in iron de®ciency anaemia but not modi®ed by infection and hence can assist in distinguishing individuals with iron de®ciency anaemia from the anaemia of chronic disease (Cook et al, 1996) . However, few studies to date have used serum transferrin receptor to investigate the prevalence of iron de®ciency anaemia in communities with signi®cant levels of infection.
Therefore, this cross-sectional study aimed to: (1) determine whether pregnant women living in rural Southern Malawi were at risk of iron de®ciency and iron de®ciency anaemia at 24 weeks gestation; (2) investigate the extent to which the coexistence of malaria confounded the interpretation of haematological and biochemical indices of iron status; and (3) determine the impact of malaria, gravida and dietary iron variables on a battery of haematological and biochemical iron status indices in these pregnant Malawian women.
Subjects
A description of the recruitment of the participants, the data collection, and their demographic, health, reproductive history, lactation behaviour, and socio-economic status is given by Gibson and Huddle (1998) . Brie¯y, details of the study were presented to all women attending the prenatal clinics at the Jalasi Health Center located in Traditional Authority Jalasi, Mangochi District, Southern Malawi. Women aged 14 ± 45 y, with no history of cesarean section and a haemoglobin b 80 gal, determined by ®nger prick blood sample, were eligible. Between November 1993 and February 1994, a convenience sample of 152 women were recruited at 23.5 AE 2.5 (mean AE s.d.) weeks gestation as determined by fundal height, last date of the menstrual period, or both, when possible. The study was approved by the Human Ethics Committee of the University of Guelph, Ontario, Canada and the Health Sciences Research Committee, University of Malawi. Informed verbal consent was obtained from each participant after the nature of the study had been fully explained to them.
The mean ( AE s.d.) age of the women was 23.2 AE 5.5 y, with the number of pregnancies ranging from 1 to 11 (mean AE s.d.: 3.4 AE 2.6). Thirty percent (n 46) of the women were primagravid; 43% (n 66) were gravida 2 ± 4 and 26% (n 40) were gravida ®ve or more. The women of gravida two or more averaged 3.5 live births and 1.0 dead children. Of the multiparous women, 93% had a child born in the previous 5 y; 65% in the previous 3 y, and 3% in the last year. Table 1 summarises selected demographic, anthropometric and reproductive history data for the women of the study classi®ed by gravida 1 or gravida b 1. Details of the anthropometric measurements taken are given in Gibson and Huddle (1998) .
Most of the women were subsistence farmers with little or no formal education. A socio-economic status (SES) index was developed based on the following six criteria: house quality; sanitation; water source; household size, occupation; and schooling. Of the women, 75% fell into the two lowest SES categories and 19.4% into the next higher category; only 4.2% fell into the highest category for SES score.
Methods
Haematological and biochemical iron assessment Assessment of the biochemical and dietary iron status of the women was undertaken at 23.5 AE 2.5 weeks gestation. Details of the collection of the non-fasting venipuncture blood samples have been described earlier . Aliquots of freshly collected heparinised blood were used for haematocrit (determined manually using the spun microhaematocrit method), red blood cell count, white blood cell count (WBCC), and thick blood smears for malarial screening. Serum was separated from whole blood within 2 h of collection using trace-element-free techniques, and frozen immediately in trace-element-free polypropylene vials at 710 C and then at 720 C for later analysis. Haemoglobin was assayed on site using ®nger-prick blood samples and a portable haemoglobinometer (Hemocue AB, Sweden).
Determinations of both red and white blood cell counts were performed manually by one examiner using the Unopette collection system (Becton-Dickinson, NJ) and a Neubauer counting chamber. Red blood cell count, haematocrit and haemoglobin were used to calculate mean cell volume, mean cell haemoglobin, and mean cell haemoglobin concentration. Thick blood smears for malaria screening were stained with 4% Giemsa stain and examined for malaria infection by trained technicians in Mangochi District Hospital, as described earlier . Parasite densities were determined as the ratio of parasites to WBCC. The limits of detection were`10 000 parasitesal blood.
Serum iron (SI) was assessed using a kit (Sigma Chemical Co., St. Louis, MO), employing the ferrozine colorimetric assay. Accuracy was assessed using a quality control sera (Accutrol Chemistry Control Normal (Sigma Chemicals, St Louis, MO)). Serum transferrin (ST) and C-reactive protein (CRP) concentrations were determined using a turbimetric method (Behring Turbitimer System, Somerville, NJ). Serial replications of quality control sera for (Table 2) . Transferrin saturation (TS) was calculated from serum iron and serum transferrin concentrations (Lockitch, 1993) . Serum ferritin (SF) was analysed in duplicate by two-site radio-immunoassay based on the method of Miles et al (1974) using ferritin kits (Quantimune Ferritin IRMA, Biorad Laboratories, Mississauga, Ont.). Lyphocheck anaemia control serum and three levels of Lyphocheck control sera (levels 1, 2 and 3) were used to assess accuracy and precision. Serum transferrin receptor was assayed via an enzyme-linked immunosorbent assay according to the method described by Flowers et al (1989) using commercial kits (Ramco Laboratories, Houston, Texas, USA). For all assays, where appropriate, samples were assayed in duplicate to measure within-run precision, and aliquots of a pooled serum sample were used to measure inter-assay precision. Results for the control of accuracy and precision of all the analytical assays are summarised in Table 2 .
Dietary assessment
Details of our validated interactive 24-h recall procedure, carried out on each woman in their own homes for three non-consecutive days, have been published earlier (Ferguson et al, 1995; Huddle et al, 1998) . Food consumption data were used in conjunction with our previously compiled Malawian food composition table (based on analysed and literature values) to characterise the average intakes of energy, protein, protein from animal sources, iron, calcium, vitamin C, haem and non-haem iron, dietary ®bre (as nonstarch poly-saccharide), and phytic acid per day and per MJ.
Adjustments were made to energy and protein intakes to account for digestibility as noted earlier . Available iron intakes for each woman were also calculated using an algorithm based on the haem and nonhaem iron content of the diet and appropriate absorption factors (Murphy et al, 1992) . Haem iron absorption was assumed to be 25% whereas non-haem iron absorption was assumed to range from 5 to 15% depending on the average content of ascorbic acid (as mga4.18 MJ) and protein from esh foods (as ga4.18 MJ) of the diets. The predicted prevalence of inadequate intakes of iron were calculated using probability analysis based on the Canadian Recommended Nutrient Intake (RNI) (Health & Welfare Canada, 1990) 
Statistical analysis
Before analysis, each data set was tested for normality using the Shapiro-Wilkes test. Of the biochemical and haematological variables, only serum ferritin concentrations showed signi®cant departures from normality and these were log-transformed prior to statistical analysis. However, many of the parameters describing the dietary intakes are not normally distributed. As a result the medians and percentiles are used to describe the data and log transformation used prior to analysis.
Data were analysed for associations between demographic, socioeconomic, dietary, biochemical and infection variables using Spearman rank-order correlation coef®-cients. Differences in the biochemical iron indices between those women with positive and negative tests for malaria, and for those women without malaria classi®ed according to the presence and absence of anaemia were determined using Student's two-tailed t-test for non-paired data.
To assess the explanatory effect of diet, the number of pregnancies, and malarial infection on the biochemical iron and haematological variables, analysis of variance was performed. Selected dietary iron parameters were used as covariates, whereas the number of pregnancies (gravida 1; gravida b 1) and presence or absence of a positive test for malaria, were used as classi®catory independent variables. Statistical signi®cance was evaluated using a P value of 0.05. All statistical tests were conducted using SPSS 6.1 (Statistical Package for the Social Sciences, SPSS Inc., Chicago) (Norusis, 1996) .
Results

Haematological and biochemical iron indices
Mean values for the biochemical iron indices for the study group are presented in Table 3 . Of the women, 65% Malaria was the dominant infection measured; 31% (n 46) of the 150 women tested for malaria had parasitaemia; corresponding estimates for women who tested positive for infection based on CRP b 15 mgal (Watts et al, 1991; Kuvibidila et al, 1994a) and WBCC ( b 11610 9 al) (Lockitch, 1993) were 15% and 2%, respectively.
As malarial infection predominated, Table 4 presents the biochemical iron indices classi®ed by the presence and absence of a positive test to malaria on the test day. Of note are the signi®cant differences in mean values for haemoglobin and serum ferritin concentrations between the two groups; no other differences were statistically signi®cant, including those for serum transferrin receptor. Table 5 compares the prevalence, in subjects with and without a positive test for malarial parasitaemia on the test day, of iron de®ciency, iron de®ciency anaemia, anaemia in the absence of iron de®ciency, and anaemia from all causes. A greater proportion (83%) of the women positive for malaria on the test day had anaemia compared to 63% without malaria. Note that iron de®ciency anaemia is de®ned by a haemoglobin below 100 gal in both groups in combination with a serum ferritin below 12 mgal for those women who had a negative test for malarial parasitaemia on the test day, and a serum ferritin 50 mgal for those women with a positive test for malaria on the test day. Likewise, iron de®ciency is de®ned using each of these cutoffs for serum ferritin, accompanied by a haemoglobin greater than or equal to 110 gal in both groups. Using these two different cut-offs, the prevalence of iron de®-ciency anaemia was also greater in the malarial compared to the non-malarial group (56% vs 32%). In contrast, the percentage of women in the malarial group with anaemia unrelated to iron de®ciency (26%) was comparable to the proportion in the non-malarial group (31%). The percentage of women with depleted iron stores but no evidence of anaemia based on the cut-offs noted above, were also similar (17% vs 15%) (Table 5) .
Mean serum transferrin receptor concentrations in subjects without a positive test for malarial parasitaemia on the test day, are also shown in Table 5 , classi®ed by subjects with iron de®ciency, iron de®ciency anaemia, anaemia in the absence of iron de®ciency, and anaemia from all causes. The results show that serum transferrin receptor concentrations are elevated in subjects with anaemia, but are apparently unrelated to the level of iron stores, as indicated by serum ferritin concentrations. This was con®rmed by Pearson correlation coef®cients which showed that in the nonmalarial group, serum transferrin receptor concentrations only correlated negatively (r 7 0.313; P`0.001) with haemoglobin and mean corpuscular haemoglobin concentrations, but not with the log of the ferritin concentrations (nor any of the other haematological parameters studied). Table 6 presents data only for those women who tested negative for malarial parasitaemia on the test day, classi®ed by haemoglobin`and ! 110 gal; the differences were signi®cant (P`0.01) for mean serum transferrin receptor, Calculated from log-transformed data. Haemoglobin`110 gal 6 6 a105 6.6 AE 3.3 39a47 (63%) (n 63)
TfR serum transferrin receptor.
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Dietary intakes
Median (1st and 3rd quartile) daily dietary intakes (per day and per MJ) of energy, protein, animal protein, iron, haem iron, available iron, vitamin C, calcium and dietary ®bre (as non-starch polysaccharides) and phytate are presented in Table 7 . Dietary iron intakes were positively correlated with energy (r 0.90); protein (r 0.86); dietary zinc (r 0.65); and dietary ®bre (r 0.77). There was also a tendency for dietary iron to be negatively correlated with phytate : zinc molar ratios (r 7 0.15; P 0.06). Plant-based food contributed 89% of the total dietary iron;¯esh foods (mainly ®sh) provided only 9%. Of the plant-based foods, cereals, mainly maize, were the major contributor of dietary iron (i.e. 50%), followed by vegetables (20%) and then legumes (13%). Cereals were also the principal source of energy (79%) and protein (61%);¯esh foods provided only 4% of the energy and 16% of the protein. The calculated estimated iron availability as 12%. Using this absorption factor in association with the RNI for iron (Health and Welfare Canada, 1990) , 49% of the women were predicted to be at risk to inadequate intakes of iron using the probability approach (National Research Council, 1986) . None of the pregnant women had received any iron supplements during their pregnancy at the time of the survey.
Inter-relationships among demographic, biochemical, dietary and malarial infection variables Spearman rank correlation analysis revealed signi®cant correlations linking age, gravida and some dietary parameters with selected biochemical and haematological measures. Therefore, we used analysis of variance to explore these relationships. Results showed that the presence or absence of malarial parasitaemia on the test day, and gravida (dichotomized as gravida 1 and gravida b 1) were the main effects. Of the dietary parameters, the amount of available iron and the closely correlated measure of iron from animal sources were the most important and in the ANOVA Tables 8 and 9 available iron is treated as a covariate. Most of the measured biochemical indices ± serum ferritin, serum transferrin, serum transferrin receptor, haemoglobin (P 0.08), haematocrit, red blood cell count, mean cell haemoglobin, mean cell haemoglobin concentrations, and mean cell volume ± were signi®cantly in¯uenced by gravida. The sense of the impact, discernible from the ANOVA cell means (not shown) is that the iron status of the women improves with increasing gravida. Malaria impacts only on serum ferritin, haemoglobin and mean cell haemoglobin (P 0.08), the latter two indices declining and serum ferritin increasing with malarial parasitaemia. The dietary covariate, available iron, showed no signi®cant impact on any of these biochemical indices.
The relationships shown in Table 9 are markedly different. The two biochemical indices ± serum iron and percentage transferrin saturation ± are unrelated to either gravida or malaria, but instead are very signi®cantly and positively related to the level of available iron in the diet.
Discussion
Anaemia in pregnancy is a major public health problem in African women. Its aetiology is complex, and has been attributed to a variety of factors including malaria and helminth infections (for example hookworm) as well as dietary de®ciencies of iron and folate. Folate de®ciency secondary to malaria and the genetic disorder sickle cell anaemia may also be important (Fleming, 1982 (Fleming, , 1989a (Fleming, , 1989b Fleming et al, 1986) . In this Malawian study, the results presented in Tables 8 and 9 demonstrate that two of these factors, existence of asymptomatic malarial parasitaemia on the test day, and the diet, had a signi®cant impact on the haematological and biochemical iron indices measured. Although these aetiological factors impact simultaneously on the women, we will discuss the factors separately, highlighting the useful diagnostic indices, including serum transferrin receptor. The latter was included because it is reportedly unaffected by infection (Cook et al, 1996) , a major confounding factor in this study. Although`gravida' is a statistically signi®cant effect in Table 8 , we suggest below that these results are an artifact of the differential impact of malaria on the primagravidae versus multigravidae.
Malaria is the dominant infection in these pregnant women with approximately one third of the subjects testing positive for malarial parasitaemia on the day of the test and the majority of subjects with an elevated serum C-reactive protein also having a positive test for malaria: helminth Calculated from log-transformed data. As non-starch polysaccharide.
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parasitic infections such as hookworm andaor bacterial and viral infections are likely to be less important in the women of this study. One of the most common manifestations of malaria is anaemia during and after acute infection, arising mainly from the extensive haemolysis of parasitised red blood cells accompanied by suppression of erythropoiesis (Abdulla, 1990) . Hence, it is not surprising that we found anaemia was more prevalent in women with a positive test for malaria on the test day than in those women who tested negative on the day of the test (83 vs 63%) ( Table 5 ), and that ANOVA demonstrated the signi®cant impact of malarial parasitaemia on haemoglobin concentrations (Table 8) .
The anaemia of malaria is multifactorial in origin; de®ciencies of iron and folate have been implicated.
There is evidence that malaria can induce iron de®ciency by several mechanisms: possibly through immobilising iron in haemazoin complexes (malaria pigments) and loss of urinary iron, as well as reducing intestinal iron absorption during the acute illness period (Brabin, 1992) . However, these effects exerted by malaria on body iron status are still poorly understood, in part because biochemical and haematological indices of iron status are confounded by the malaria infection (Das et al, 1997) . For example, our ANOVA results (Tables 8 and 9) con®rm that malaria had a signi®cant impact on serum ferritin as well as haemoglobin. Serum ferritin concentrations were signi®-cantly higher in those women who tested positive for malaria than in those who tested negative (Table 4) . Such increases arise because ferritin is a positive acute-phase There is no signi®cant interaction (gravida ± malaria) for any of the dependent variables. There is no signi®cant interaction (gravida ± malaria) for either of the dependent variables.
Anaemia status of rural pregnant Malawian women J-M Huddle et al reactant protein, and ferritin concentrations increase in response to underlying infection or in¯ammation irrespective of the level of liver iron stores (Cook et al, 1996) . These changes emphasise the dif®culty of using serum ferritin as a biochemical marker of iron stores in malariaendemic communities.
In an effort to overcome this limitation, several investigators have proposed the use of a higher cut-off point for serum ferritin (that is,`50 mgal) to identify iron de®ciency in the presence of infection or chronic in¯ammation (Kuvibidila et al, 1994b) . Use of such a cut-off is said to improve the sensitivity of serum ferritin and reduce the risk of underestimating the prevalence of iron de®ciency and iron de®ciency anaemia in the presence of infection (Joosten et al, 1991) . If we apply this higher cut-off for serum ferritin in combination with a low haemoglobin, 56% of the pregnant women who tested positive for malaria on the day of the test would be classi®ed with iron de®ciency anaemia compared to 32% for those women who tested negative for malaria on the test day, based on a lower serum ferritin (that is,`12 mgal) and a haemoglobin`110 gal. These results must be interpreted with caution because it was not possible to con®rm the absence of stainable iron in the bone marrow before applying these two serum ferritin cut-off values.
Several limitations exist when such strict cut-offs are applied to diagnose iron de®ciency and iron de®ciency anaemia, especially in this group of rural pregnant Malawian women, even when a combination of biochemical indices are used: most of the women probably had some degree of anaemia or chronic infection which complicated the interpretation of the iron status indices; considerable overlap exists in the biochemical measures of iron-de®cient and iron suf®cient population groups; during the second trimester of pregnancy, plasma volume expands and dilutes the total plasma ferritin pool, despite no change in the storage iron pool; the result is an overestimate of the prevalence of iron de®ciency anaemia; large within subject biological variation is known for serum ferritin concentrations (irrespective of the size of the body store), and for serum iron and transferrin saturation (Borel et al, 1991) .
As it was not possible to replicate our biochemical measures of iron status, our prevalence estimates do not take into account the within-person variance of any of the biochemical iron parameters. Failure to take into account this within-subject variance as well as the other limitations noted above, suggest that our prevalence estimates for iron de®ciency anaemia and iron de®ciency may be over-estimated (Beard, 1994) .
These diagnostic limitations are especially severe for pregnant women in rural Malawi where chronic infection and malaria are so pervasive. As a result, we also measured TfR in our battery of iron status tests. Circulating TfR levels become elevated when the availability of iron to tissues is compromised. Such increases are induced by an up-regulation of TfR expression by cells so they can compete for transferrin-bound iron more effectively (Ahluwalia, 1998). However, research to date suggests that serum transferrin receptor concentrations, unlike serum concentration of ferritin, iron and transferrin, are not modi®ed by infection or in¯ammatory disease (Olivares et al, 1995) . Our results also con®rm that serum TfR concentrations are unaffected by infection. The mean serum TfR concentration for those who tested positive for malaria on the test day (6.4 mgal, n 46) was not signi®cantly different from the mean for the malaria-free subjects on the test day (6.0 mgal, n 100). The same relationships applied to subjects with elevated versus normal levels of CRP (5.9 mgal, n 22; vs 6.2 mgal, n 123). Similar ®ndings were reported by Kuvibidila et al (1994b) who studied three groups of Zairean women of child bearing age in whom the prevalence of in¯ammation was also high and who observed no signi®cant effect of in¯ammation, measured by CRP and alpha-1-acid glycoprotein, on serum TfR concentrations in all groups, including the pregnant women.
Serum transferrin receptor concentrations are said to be a reliable indicator of tissue iron de®ciency, increasing when body iron stores are exhausted, and changing earlier than other indices of iron-de®cient erythropoiesis (for example mean cell volume, red cell distribution width and erythrocyte protoporphyrin) (Skikne et al, 1990) . To examine such relationships, we examined mean serum transferrin receptor concentrations in those women who tested negative for malarial parasitaemia on the test day, classi®ed according to levels of body iron status based on haemoglobin and serum ferritin concentrations (Table 5 ). The dominate feature of these results is that mean serum transferrin receptor concentrations tended to be lower in women without anaemia: surprisingly, the level of iron stores, as indicated by serum ferritin concentrations`or ! 12 mgal, had no impact on serum transferrin receptor levels in our study. These relations were con®rmed by the existence of a signi®cant negative correlation between transferrin receptor and haemoglobin (r 7 0.313, P 0.001, n 100) and the absence of any correlation with serum ferritin. Similar relationships were observed by Kuvibidila et al (1994b) in their study of Zairean women of child-bearing age.
There are several reports of folate de®ciency secondary to malaria (Fleming et al, 1986) , reportedly induced by malarial haemolysis which thus stimulates erythropoiesis and increases folate requirements (Strickland & Kostinas, 1970) . Women may be especially susceptible to folate de®ciency during pregnancy when folate requirements are already very high. Conditions that enhance erythropoiesis reportedly increase serum transferrin receptor levels because erythroid tissue is the major circulating source of transferrin receptors (Huebers et al, 1990) . Consequently, folate de®ciency, if present, has the potential to confound the interpretation of serum transferrin receptor levels in the assessment of iron status, and may have contributed to the elevated serum transferrin receptor levels noted in those women with anaemia not associated with iron de®ciency, based on serum ferritin ! 12 mgal and haemoglobiǹ 110 gal in the absence of malarial infection on the test day (Table 5) .
Red blood cell folate appears to be a poor indicator of folate status under malaria endemic conditions (Brabin et al, 1986) . Unfortunately, hypersegmented neutrophils are also not a very useful index during pregnancy when there is an underlying tendency to hyposegmentation (Herbert et al, 1975) . Instead folate de®ciency can be assessed by macrocytosis, diagnosed by identifying abnormally large red cells in a peripheral blood smear, and con®rmed by the presence of an elevated mean cell haemoglobin and mean cell volume and low serum folate levels. In this study, pregnant women positive for malaria on the test day had a mean cell Medicine, 1990) . Such increases in mean cell volume may be due to reticulocytosis following malarial haemolysis andaor folate de®ciency secondary to malaria andaor induced by an inadequate dietary supply. Although the interpretation of mean cell volume in pregnant women with a positive test for malaria is especially dif®cult (Abdulla, 1990; Chanarin et al, 1977) , our mean cell volume and mean cell haemoglobin results taken together do suggest that some of the women may have had folate de®ciency concomitant with iron de®ciency anaemia. Unfortunately, it was not feasible to measure more speci®c indices of folate status in this study. Therefore, the extent to which folate de®ciency secondary to malaria may have contributed to the anaemia in these pregnant women is unknown. The genetic defect sickle cell anaemia, and HIV may also be additional confounding factors (Huebers et al, 1990) . Additional biochemical iron indices that did not appear from the ANOVA results to be signi®cantly affected by malaria (Table 4) were concentrations of iron and transferrin in the serum, and transferrin saturation (as %), a measure of the iron supply to the erythroid bone marrow. Although typically, infectionain¯ammation are said to produce low serum iron and transferrin levels, and a transferrin saturation which tends towards the low end of the normal range (Keusch, 1990; Punnonen et al, 1994) , such trends have not been consistently observed in malaria patients, especially when, as in the present case, some of the subjects have asymptomatic malaria (Das et al, 1997) . The inconsistencies observed in our study are presumably due to the concomitant impact of pregnancy, chronic infection, transient malarial parasitaemia and haemolysis on the measured biochemical iron and haematological indices.
Gravida is shown statistically in Tables 8 and 9 to have an independent and positive effect on most of the biochemical and haematological parameters measured, with the notable exception of serum iron and transferrin saturation. This positive trend is noteworthy and was not expected because multigravidae in developing countries are frequently said to be at a greater risk of developing anaemia because of the cumulative demands on iron stores of successive pregnancies. However, as in other studies (for example Brabin, 1983) , malaria was much more prevalent in our primagravidae than multigravidae (47% vs 23%), a difference attributed to an altered immune response to malaria. Moreover, the prevalence of malaria is known to peak between 13 and 16 weeks gestation, resulting in a rise in the proportion of women with anaemia induced by haemolysis during the second trimester, at about the time of this study (Brabin, 1983) . Therefore, the higher mean serum transferrin receptor value observed here for the primagravidae compared to the multigravidae (7.3 vs 5.6 mgal) is probably related to the high prevalence of malarial-induced iron de®ciency anaemia in the primagravidae. The same explanation is likely to apply to the other biochemical iron and haematological indices measured. This effect appears to counteract any negative impact of frequent reproductive cycling on the biochemical iron and haematological status of the multigravidae. Thus while gravida appears in Table 8 in aggregate to be the most important factor controlling the biochemical iron and haematological indices, the primary factor in the observed relationships is actually the differential prevalence of malaria: no primary gravida effect has been identi®ed.
Diet almost certainly played a signi®cant role in the aetiology of anaemia in the women studied here. Assessment of the adequacy of the dietary iron intakes of the Malawian women clearly indicate that their supply of dietary iron was inadequate. Of the women, 49% had intakes of dietary iron predicted to be inadequate. Moreover, their mean calculated intake of available iron was only 1.79 mgad (Table 7) , markedly lower than even the lower limit of the estimated daily requirement of absorbed iron for pregnancy (that is, 2.5 ± 3.3 mgad). The latter is based on a total requirement of iron per pregnancy (based on 300 day gestation) of 740 ± 1000 mg (King et al, 1987) . Further, the de®cit will be even larger when the women enter the third trimester of pregnancy, when the requirement is said to peak at approximately 5.5 mgad absorbed iron. Such de®cits in dietary iron are especially serious for the Malawian pregnant women studied here because their iron stores were too low to augment the de®cit in dietary iron supply (Table 5 ). Further, their iron requirements were unlikely to have been met by iron supplements during pregnancy because the supply of iron supplements was very erratic in rural Malawi at the time of this survey.
The ANOVA results (Table 8) show that calculated available iron intakes had a signi®cant impact on serum iron and serum transferrin saturation. The results for the amount of iron from animal sources (not shown) were similar. Together, these results emphasise the impact of the bioavailability of iron on the biochemical iron status of the women. The bioavailability of iron in the womens' diets was calculated to average 12%, based on the haem and nonhaem iron content of the diet, and taking into account the content of two enhancers: ascorbic acid and protein from esh foods. Note the effect of inhibitors is not included in the model used to calculate available iron (Murphy et al, 1992) . Fish was the major source of readily available haem iron in the diets of these pregnant women, providing 9% of the total dietary iron intake. By contrast, plant-based foods, especially cereals, provided most of the non-haem iron, and contributed 89% of total dietary iron intake.
If the average requirement for absorbed iron is 2.5 mgad (King et al, 1987) , but the bioavailability of iron in the diet is only 12%, then a daily intake of approximately 21 mg iron per day must be consumed by the women to meet their estimated daily needs for iron. This level will be greater in the second and third trimester, reaching as much as 46 mgad in the third trimester. Even if we assume that iron absorption is increased to 20% in these pregnant women in response to their depleted iron stores as well as the increased iron absorption known to occur during the last two trimesters of pregnancy (Hallberg, 1992) , intakes of iron as high as 28 mgad will still be required to meet the estimated 5.5 mg absorbed ironad during the third trimester.
The median daily iron intake reported here fell well below this estimate of 28 mgad (Table 7) , but was consistent with the iron intakes reported in earlier studies of pregnant women in Malawi (that is 13.0 ± 14.8 mgad) (Lamba & Tucker, 1990; Ferguson et al, 1995) . It is possible that by increasing the energy content of the diets, Anaemia status of rural pregnant Malawian women J-M Huddle et al higher iron intakes could be achieved; dietary iron intakes were strongly and positively correlated (r 0.90) with energy intakes. Nevertheless, increasing total daily intakes of iron is unlikely to overcome the de®cit in the iron supply unless the iron bioavailability is also simultaneously enhanced.
It is noteworthy that serum iron and transferrin saturation were the only two biochemical indices of iron status that were signi®cantly in¯uenced by available iron intakes. Transferrin saturation is a measure of the iron supply to the bone marrow and the best measure of iron exchange between plasma and total body stores in iron depleted subjects. These two parameters identify iron de®ciency rather than anaemia and have been shown to be positively associated with comparable measures of dietary iron bioavailability (for example iron from¯esh foods) in other studies (Donovan & Gibson, 1995) .
Dietary-induced folate de®ciency may also be a factor contributing to the high prevalence of anaemia unrelated to iron de®ciency, noted in Table 5 . Nutritional folate de®ciency is suggested by the elevated mean serum transferrin receptor concentrations in the malaria-free women with anaemia apparently unrelated to iron de®ciency (that is 31%) ( Table  5) (Huebers et al, 1990) . Certainly, the diets of the women are probably low in folate. Cereals, predominantly maize, provided more than 75% of the energy in their diets. Maize¯our has a very low folate content (that is 25 mga100 g). It is consumed two to three times a day, often as a stiff porridge (nsima) with a cooked relish prepared from green leaves (for example pumpkin leaves) or legumes. However, because the traditional Malawian cooking practices involve protracted boiling, much of the folate in the cooked relishes is probably destroyed (Herbert, 1987) . Unfortunately, because we presently lack folate values for Malawian staple foods, we were unable to estimate dietary folate intakes for the women of this study. It is unlikely that their dietary intakes of vitamin B-12 were also inadequate because some ®sh (both dried and fresh) was consumed by the women, intakes averaging 13.3 and 6.9 gad for dried and fresh ®sh, respectively.
Conclusions
In summary, the overall prevalence of anaemia in the pregnant women of this study was high (that is 65%). Three factors were implicated: malaria, and de®ciencies of iron and probably folate, induced partly by an inadequate dietary supply andaor secondary to malaria. The co-existence of malaria, chronic infection, and probably folate de®ciency confounded the interpretation of the biochemical iron and haematological indices in this study. Folate de®ciency results in enhanced erythropoiesis, and thus elevated serum transferrin receptor values, and hence may have contributed to the failure to observe any correlation between serum transferrin receptor and serum ferritin levels, but the negative correlation noted between serum transferrin receptor and haemoglobin, even in the women without malaria. Any potential negative effect of increasing gravida on the haematological and biochemical iron indices was masked by the high prevalence of malarial-induced anaemia in the primagravidae of this study.
